Introduction
============

ZnO, one of the most widely utilized nanomaterials, has been of considerable interest in both research and industry, with applications as sunscreens, rubber, dyestuffs, animal feed ingredients, antistatic paint additives, and photocatalysts.[@b1-ijn-9-041],[@b2-ijn-9-041] Because of their widespread uses, the toxicity and biological applicability of ZnO nanoparticles, along with other frequently used nanoparticles like TiO~2~, SiO~2~, and carbon nanoparticles, are now emerging issues.[@b3-ijn-9-041],[@b4-ijn-9-041] Many studies of the potential toxicity and ecological risk associated with such nanoparticles have been reported, but their results are controversial because the characterization of nanoparticles is not standardized.[@b5-ijn-9-041],[@b6-ijn-9-041]

In this context, it is very important to ensure the reliability of experiments by using standardized nanoparticle samples with well controlled physicochemical properties, and to analyze all parameters in the samples very precisely.[@b7-ijn-9-041],[@b8-ijn-9-041] The Working Party on Manufactured Nanomaterials (WPMN) in the Organisation for Economic Cooperation and Development (OECD) Working Party on Manufactured Nanomaterials has issued a guideline suggesting various physicochemical parameters of nanomaterials for evaluation of ecotoxicity, and recommends several techniques for analysis.[@b9-ijn-9-041] These parameters include crystalline phase, particle size, chemical composition, and chemical properties for single particles, surface chemistry for powder-phased samples, and surface charge, size distribution in suspension, and solubility for colloidal samples.

This study focused mainly on preparation of standardized ZnO nanoparticle samples for biological assay and determination of their physicochemical properties using the parameters suggested by the OECD guideline. Given that particle size and surface charge are generally known to play key roles in determining the biological behavior of nanoparticles, this study focused on preparation of standardized nanoparticles with a well-defined particle size and surface charge. Nanoparticle size is reported to affect the cellular uptake of nanoparticles and their interaction with cell membranes.[@b10-ijn-9-041],[@b11-ijn-9-041] Formation of protein coronas and aggregates are also influenced by nanoparticle size.[@b12-ijn-9-041] Hydroxyapatite nanoparticles show different types of cell membrane damage as their surface charge changes from −30 mV to −10 mV,[@b13-ijn-9-041] the zeta potential of bovine serum albumin-coated nanoparticles strongly affects their cellular uptake,[@b14-ijn-9-041] and iron oxide nanoparticles exhibited surface charge-dependent DNA laddering effects when exposed to cells.[@b15-ijn-9-041]

In order to control the surface charges on ZnO nanoparticles so that they have positive and negative values while preserving their particle size and colloidal behavior, coating techniques utilizing charged organic molecules have been adopted. For the purpose of minimizing the toxicity concerns considering the utility of prepared standard sample to biological evaluation, the coating agents were selected from biocompatible molecules, such as amino acids and citrate. Citrate has three carboxylates, so the positively charged ZnO surface can be modified to have a strong negative charge.[@b16-ijn-9-041] Although ZnO itself can be utilized as a positively charged sample for comparison, its surface was coated with L-serine with both cationic and anionic sites to preserve the positive surface charge of ZnO. During the coating process, extra care was taken to preserve physicochemical properties other than surface chemistry after coating with an organic moiety because treating inorganic nanoparticles with organic molecules can result in particle aggregation or crystal phase transformation.[@b17-ijn-9-041] Efforts were then made to understand the physicochemical properties of the coated ZnO nanoparticles and the chemical interaction between the ZnO and the coating agents in more depth using standardized methods to analyze the samples. Although ZnO is one of the most widely studied nanomaterials and there are many reports on the coating of ZnO nanoparticles, there are only a few trials that have comprehensively characterized these nanoparticles according to the OECD guideline.[@b9-ijn-9-041] The present paper describes a simple method for preparation of a standard ZnO sample with a controlled surface charge that can be used for biological assays without concern about any toxicity arising from the coating process. This work provides basic research data on standardized ZnO nanoparticles for biologists who intend to evaluate the toxic parameters of these nanoparticles.

Materials and methods
=====================

Preparation of surface-treated ZnO nanoparticles
------------------------------------------------

ZnO nanoparticles of different sizes, ie, 20 nm (ZnO^SM20^) and 100 nm (ZnO^AE100^), were purchased from Sumitomo Osaka Cement Co, Ltd, Tokyo, Japan (Lot 141319) and American Elements, Los Angeles, CA, USA (Lot 1871511079--673), respectively. Using a previously published method,[@b18-ijn-9-041] their surfaces were coated to prepare ZnO nanoparticles with different surface charges under identical pH conditions (pH 7.0±0.3). ZnO nanoparticles with a negative surface charge (ZnO^SM20(−)^ and ZnO^AE100(−)^) were prepared using citrate/HEPES buffer solution ([Table 1](#t1-ijn-9-041){ref-type="table"}). A 20 mM HEPES (CAS 7365-45-9; Sigma-Aldrich Co, LLC, St Louis, MO, USA) buffer solution was prepared in deionized water and titrated with a 1 M sodium carbonate solution (CAS 497-19-8; Duksan Pure Chemical Co, Ltd, Kyungki-Do, South Korea) to pH 7.0. Subsequently, 1 wt/v% sodium citrate (CAS 6132-04-3; Sigma-Aldrich Co, LLC,) was dissolved in 20 mM HEPES buffer solution, and both ZnO^SM20^ and ZnO^AE100^ were suspended in citrate/HEPES buffer solution for one minute. The products, ZnO^SM20(−)^ and ZnO^AE100(−)^, were resuspended for 30 seconds by vortex before testing. ZnO nanoparticles with a positive surface charge (ZnO^SM20(+)^ and ZnO^AE100(+)^) were prepared using L-serine/HEPES ([Table 1](#t1-ijn-9-041){ref-type="table"}). 20 mM HEPES buffer solution was then prepared in deionized water and titrated with 1 M sodium carbonate solution to pH 6.0. Next, 1 wt/v% L-serine (CAS 56-45-1; Sigma-Aldrich Co, LLC) was dissolved in 20 mM HEPES buffer solution. To prepare ZnO^SM20(+)^ and ZnO^AE100(+)^, ZnO nanoparticles were suspended in L-serine/HEPES buffer solution for one minute. Both ZnO^SM20(+)^ and ZnO^AE100(+)^ were resuspended for 30 seconds by vortex before testing. [Table 1](#t1-ijn-9-041){ref-type="table"} summarizes the weights and molar ratios of the ZnO and coating agents.

Physicochemical properties of surface-coated ZnO nanoparticles
--------------------------------------------------------------

X-ray diffraction (XRD) patterns were determined for all the samples (ZnO^SM20^, ZnO^SM20(−)^, ZnO^SM20(+)^, ZnO^AE100^, ZnO^AE100(−)^, and ZnO ^AE100(+)^) using an AXS D2 Phaser X-ray diffractometer (Bruker Optik GmbH, Ettlingen, Germany) with Ni-filtered Cu-Kα radiation (λ=1.5418 Å) in the 2θ range of 25--80 degrees. To verify the primary particle size and morphology of the pristine and surface-coated ZnO nanoparticles, transmission electron microscopy (TEM) images were obtained using a JEM-2100F microscope (JEOL Ltd, Tokyo, Japan) at the Korea Basic Science Institute (Kangneung, South Korea). The ZnO samples were diluted in deionized water, and a drop of suspension was loaded onto a copper grid. The specimens were dried in air and subjected to microscopic study. The average primary particle size of the ZnO nanoparticles was determined using approximately 200 randomly selected particles from the TEM images. A frequency table and a histogram of the particle size distribution were prepared and converted to a normalized distribution using Microsoft Excel^®^ (Microsoft Office 2013; Microsoft Corporation, Redmond, WA, USA). The Student's *t*-test was used to determine the size difference between the samples. The chemical composition, surface chemistry, and chemical environment around a certain element of surface-coated ZnO nanoparticle were evaluated by X-ray photoelectron spectroscopy (XPS) using a K-Alpha spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The X-rays generated by XPS can penetrate approximately 1 μm^19^ and the information depth of XPS is generally agreed as 10 nm for this instrument.[@b20-ijn-9-041] In order to validate the binding energy of Zn 2p~3/2~, O 1s, N 1s, and C 1s, the four peaks were analyzed by OriginPro 8 (version 8.0724; OriginLab Corporation, Northampton, MA, USA) utilizing the Gaussian function in the range of 1,025--1,015, 535--525, 405--395, and 295--275 ev, respectively. Carbon-13 magic angle spinning solid-state nuclear magnetic resonance (Bruker AXS Advance II+ 400; Korea Basic Science Institute, Daegu Center, Korea) spectra were obtained for the dry powder samples at room temperature. The Fourier transform infrared (FTIR) spectra of the samples were obtained on a Spectrum One B version 5.0 instrument (Perkin-Elmer, Downers Grove, IL, USA), using the KBr pellet method, in the range of 4,000--450 cm^−1^. The surface charge and hydrodynamic size were verified by evaluating the zeta potential and dynamic light scattering with an ELSZ-1000 particle size analyzer (Otsuka Electronics Co, Ltd, Osaka, Japan). All surface-coated ZnO suspensions used to analyze the zeta potential or hydrodynamic size were dispersed in deionized water in the concentration ranges of 7--200 μg/mL and 7--50 μg/mL, respectively, and were vigorously stirred at 298 K for one hour. In order to obtain reproducible data and optimize the measurement conditions, the zeta potential and hydrodynamic size measurements were carried out ten times using a zeta flow cell (Otsuka Electronics Co, Ltd) and a disposable dynamic light scattering cuvette (Ratiolab GmbH, Dreieich, Germany), and the data obtained were automatically calculated from the Smoluchowski and Contin equations, respectively. The refractive index of the deionized water was 1.330. The results, including average value and distribution pattern of zeta potential and hydrodynamic size were obtained using ELSZ version 3.00 software (Otsuka Electronics Co, Ltd). The measurement reports were acknowledged as results when the zeta potential distributions from the different height in cuvette were parabolic from its center and, at the same time, the difference between the upper and lower value was less than 40 mV. The reports on hydrodynamic size were chosen by 100 accumulated results from the software, which showed OK sign. The zeta potentials of the coated samples were analyzed after 48 hours in order to evaluate the stability of ZnO nanoparticle dispersion over time.

Results
=======

X-ray diffraction
-----------------

According to the powder XRD patterns, all the coated ZnO nanoparticles showed a classic hexagonal crystal Wurtzite structure (JPCDS No 36--1451), with a highly crystalline phase. Characteristic peaks at 2θ=31.8°, 34.4°, 36.3°, 47.5°, 56.6°, 62.9°, and 67.9° were assigned to the (100), (002), (101), (102), (110), (103), and (112) lattice planes.[@b21-ijn-9-041] The lattice parameters of the coated ZnO nanoparticles calculated from the 2θ values of the peaks were *a*=3.251 Å and *c*=5.206 Å, and corresponded well to those of the reference Wurtzite (*a*=3.249 Å and *c*=5.207 Å). Thus, it can be concluded that size and the surface coating process did not affect the crystalline phase of the ZnO nanoparticles. The peak intensity and width obtained from XRD patterns are related to the preferred growth of a certain crystal plane as well as the degree of crystallinity in solid crystalline materials. In small-sized materials like nanoparticles, the crystallinity or preferred growth is highly dependent on the particle size and morphology. Overall, the larger ZnO particles (ZnO^AE100^, ZnO^AE100(−)^, and ZnO^AE100(+)^) showed 2.2-fold higher peak intensities than the smaller ZnO particles (ZnO^SM20^, ZnO^SM20(−)^ and ZnO^SM20(+)^, [Figures 1](#f1-ijn-9-041){ref-type="fig"} and [S1](#SD1-ijn-9-041){ref-type="supplementary-material"}), and this result coincides well with the results of our previous study.[@b18-ijn-9-041] Additional information on the crystalline properties of the nanoparticles was obtained by calculating Scherrer's equation, which is known to provide information on crystallite size along a certain lattice plane and crystalline size, as follows:[@b22-ijn-9-041] $$D = 0.89\lambda/(\beta\mathit{\cos}\theta)$$where *λ* is the wavelength of the X-ray radiation, 0.89 is a constant, *β* is the full width at half maximum, and *θ* is the diffraction angle.

The crystallite sizes for the four coated ZnO nanoparticles were calculated utilizing the (100), (002), (101), (103), and (112) peaks. ZnO^SM20^, ZnO^SM20(−)^, ZnO^SM20(+)^, ZnO^AE100^, ZnO^AE100(−)^, and ZnO^AE100(+)^ showed crystallite sizes of 20, 19, 20, 66, 66, and 68 nm, respectively, regardless of the lattice plane, and were in good agreement with the primary particle size obtained by the microscopy studies.

Transmission electron microscopy
--------------------------------

The TEM results and particle size distributions obtained from the TEM images are shown in [Figure 2](#f2-ijn-9-041){ref-type="fig"}. ZnO^SM20(−)^, ZnO^SM20(+)^, ZnO^AE100(−)^, and ZnO^AE100(+)^ had average primary particle sizes of 28, 32, 70, and 78 nm, respectively. All the particles had an irregular spherical shape, and no anisotropic growth was observed ([Figure 2](#f2-ijn-9-041){ref-type="fig"}). The particle sizes of the uncoated ZnO nanoparticles were very similar to those of the coated ones ([Figure S2](#SD2-ijn-9-041){ref-type="supplementary-material"}). Size distribution histograms were obtained for 220±30 particles randomly selected from the TEM images ([Figure 2B](#f2-ijn-9-041){ref-type="fig"}). Homogeneous and narrow size distributions were confirmed for all four types of coated ZnO nanoparticles. The histograms were further fitted to the normal distribution curve using Microsoft Excel^®^. The kurtosis and skewness values obtained lay in the ranges of −0.5∼0.2 and −0.10∼0.41, respectively, indicating that the size distributions were close to normal in spite of the slight inclination.

X-ray photoelectron spectroscopy
--------------------------------

The chemical environments at the surface of the coated ZnO nanoparticles were quantitatively and qualitatively evaluated by XPS ([Figure 3](#f3-ijn-9-041){ref-type="fig"}). The XPS spectra and binding energy values for Zn 2p~3/2~ and O 1s in the uncoated ZnO are provided in the supporting information ([Figure S3](#SD3-ijn-9-041){ref-type="supplementary-material"}). The binding energy of electrons in the Zn 2p~3/2~, O 1s, N 1s, and C 1s orbitals was reported to appear at 1,021, 530, 399, and 284 eV, respectively.[@b23-ijn-9-041]--[@b26-ijn-9-041] All the coated ZnO nanoparticles showed strong peaks at the corresponding positions, suggesting the existence of both ZnO and the coating agents. Zn was included in the ZnO nanoparticles, and the O in both the ZnO and coating agents. Organic elements such as N and C were included in the coating agents as well as in the HEPES dispersant. Because XPS enables quantitative analysis of each element and the analysis depth is around 10 nm, the ratio of nanoparticles and coating agents at the surface of the ZnO nanoparticles could be determined.[@b19-ijn-9-041],[@b20-ijn-9-041] The empirical formulae determined at the surface of nanoparticles were (ZnO) (citrate)~0.07~(HEPES)~0.08~, (ZnO)(citrate)~0.08~, (HEPES)~0.07~, (ZnO) (L-serine)~0.16~(HEPES)~0.00~, and (ZnO)(L-serine)~0.2~(HEPES)~0.01~ for ZnO^SM20(−)^, ZnO^AE100(−)^, ZnO^SM20(+)^, and ZnO^AE100(+)^, respectively. Characteristically, the citrate-coated ZnO particles contained more of the HEPES moiety while the L-serine-coated ZnO particles contained little HEPES. The chemical environment around any given element can be evaluated based on the binding energy values of the peaks. The binding energy values of the Zn 2p~3/2~ electrons were higher in the 20 nm ZnO particles than in the 70 nm ZnO particles, and were also higher in the L-serine-coated ZnO particles than in the citrate-coated ZnO particles.

Nuclear magnetic resonance spectroscopy
---------------------------------------

Solid-state ^13^C nuclear magnetic resonance was used to verify the existence of surface-coating organic moieties, citrate and L-serine ([Figure 4](#f4-ijn-9-041){ref-type="fig"}). As shown in [Figure 5](#f5-ijn-9-041){ref-type="fig"}, the coating agents and the citrate, L-serine, and HEPES dispersants contain various carbon centers with different chemical environments, which were clearly distinguished in the nuclear magnetic resonance spectra. All four types of coated ZnO nanoparticles showed δ~11~(COO^−^) and δ~22~(COO^−^) peaks, and these were attributed to the carboxylates in citrate and L-serine.[@b27-ijn-9-041],[@b28-ijn-9-041] In the citrate-coated ZnO nanoparticles, the characteristic peak of the quaternary carbon (C~q~) of citrate was found at 76.6 ppm, and C~1~, C~2~, C~3~, C~4~, and C~5~ peaks originating from HEPES were observed in the range of 50--60 ppm ([Figure 4A--C](#f4-ijn-9-041){ref-type="fig"}).[@b29-ijn-9-041] On the other hand, the nuclear magnetic resonance spectra for the L-serine-coated ZnO samples showed peaks at 63.2 ppm and 56.1 ppm, corresponding to the C~β~ and C~α~ carbons in the amino acids.[@b28-ijn-9-041] These results again confirmed that the C, O, and N peaks in XPS were attributable to the coating agents and dispersants.

Fourier transform infrared spectroscopy
---------------------------------------

The infrared spectra ([Figure 6](#f6-ijn-9-041){ref-type="fig"}), in conjunction with the XPS and NMR spectra, provided the chemical information on both the inorganic ZnO material and the organic coating molecules, ie, citrate and L-serine. The infrared spectra for all four types of coated ZnO nanoparticles showed the expected absorption peaks corresponding to the chemical bonds existing in the ZnO or coating agents. As shown in [Figure 6A](#f6-ijn-9-041){ref-type="fig"}, all four samples exhibited clear peaks at around 3,500 cm^−1^ and 490 cm^−1^, which were attributable to the ν(−OH) and ν(Zn--O) stretching vibration modes coming from the cores of the ZnO nanoparticles. [Figure 6B--D](#f6-ijn-9-041){ref-type="fig"} shows the magnified spectra from the dotted box in [Figure 6A](#f6-ijn-9-041){ref-type="fig"}, and the merged peaks were separated using the Gaussian multipeak separation function of OriginPro 8 version 8.0724. Each separated peak reflects the characteristic chemical bonds of the organic moieties. In the spectra for the L-serine-coated samples ((b) ZnO^SM20(+)^ and (d) ZnO^AE100(+)^), the amine-originated bands, ie, δ~asym~(NH~3~^+^) and γ(NH~3~^+^), could be observed at 1,656 cm^−1^ and 1,120 cm^−1^, respectively. The characteristic peaks of amino acids, ie, ω(CH~2~) at around 1,395 cm^−1^, δ(COH) at around 1,207 cm^−1^, and ν(CO) at 1,096 cm^−1^, were also clearly present ([Table 2](#t2-ijn-9-041){ref-type="table"}). When the carboxylic acids deprotonated, the infrared bands split into two peaks, ie, symmetric and asymmetric stretching vibrations. The L-serine-coated ZnO particles showed ν~asym~(COO^−^) and ν~sym~(COO^−^) at 1,600 cm^−1^ and 1420 cm^−1^, respectively, while the citrate-coated ZnO particles showed corresponding peaks at 1,564 cm^−1^ and 1,408 cm^−1^. The differences between ν~asym~(COO^−^) and ν~sym~(COO^−^), ie, (∆ν), a standard for evaluating the degree of coordination of carboxylate, were determined to be ∼180 cm^−1^ and ∼150 cm^−1^ for the L-serine coating and citrate coating, respectively.

Zeta potential
--------------

[Figure 7](#f7-ijn-9-041){ref-type="fig"} shows the zeta potential distributions for the four types of coated ZnO nanoparticles. Generally, Wurtzite-type ZnO nanoparticles are known to have positive surface charges in the as-prepared state. Before coating, the ZnO particles in this study showed zeta potentials of 28.8 mV and 26.3 mV for ZnO^SM20^ and ZnO^AE100^, respectively ([Figure S4](#SD4-ijn-9-041){ref-type="supplementary-material"}). After citrate coating, these values shifted to −43.0 mV and −39.2 mV for ZnO^SM20(−)^ and ZnO^AE100(−)^, respectively. On the other hand, L-serine coating did not alter these values significantly, with zeta potentials of +26.8 and +26.3 mV found for ZnO^SM20(+)^ and ZnO^AE100(+)^, respectively. The overall zeta potentials were distributed in narrow ranges, ie, −60 to −10, +10 to +50, and 0 to +50 mV for ZnO^SM20(−)^, ZnO^SM20(+)^, and ZnO^AE100(+)^, respectively ([Figure 7](#f7-ijn-9-041){ref-type="fig"}), except for ZnO^AE100(−)^, which showed a relatively broad zeta potential distribution in the range of +10 to −100 mV. Zeta potential measurement was carried out at least three times for each sample, and the standard deviation values for all the four samples were below 2 mV. Further, the absolute values for the zeta potential were larger than 25, indicating high colloidal stability for the coated ZnO nanoparticles in deionized water. Forty-eight hours after coating, the variation in zeta potential values between the four samples was within ±5 mV ([Figure S5](#SD5-ijn-9-041){ref-type="supplementary-material"}). The zeta potential values for the coated ZnO nanoparticles in the different types of medium, ie, phosphate-buffered saline (Cat 10010-023, Thermo Fisher Scientific Inc.), and Eagle's Minimum Essential Medium (Cat 11095-080, Thermo Fisher Scientific Inc.), showed values shifted towards zero, suggesting a possible interaction between the countercharged electrolytes and the ZnO surface ([Figure S6](#SD6-ijn-9-041){ref-type="supplementary-material"}).

Dynamic light scattering
------------------------

Among the important nanoparticle parameters in the suspension state, the hydrodynamic size and its distribution are considered important. The hydrodynamic sizes and particle size distribution patterns for pristine ZnO and the four types of coated ZnO nanoparticles in deionized water are shown in [Figures 8](#f8-ijn-9-041){ref-type="fig"} and [S7](#SD7-ijn-9-041){ref-type="supplementary-material"}, respectively. The average hydrodynamic sizes of the four samples (393, 368, 237, and 632 nm for ZnO^SM20(−)^, ZnO^SM20(+)^, ZnO^AE100(−)^, and ZnO^AE100(+)^, respectively) were larger than the primary particle size obtained by TEM and the crystallite size calculated from XRD. The hydrodynamic sizes of ZnO^SM20(−)^, ZnO^SM20(+)^, and ZnO^AE100(−)^ were distributed in the range of 200--500 nm, while those of ZnO^AE100(+)^ showed a wide distribution in the range of 300--1,000 nm.

Discussion
==========

The physicochemical parameters of nanomaterials relevant to ecotoxicity studies include crystalline phase, chemical composition, particle size, specific surface area, chemical properties of a single particle, surface chemistry, size distribution in suspension, and surface charge. In a previous study, we evaluated the physicochemical properties of coated ZnO nanoparticles, mainly to investigate their overall appearance, using XRD, scanning electron microscopy, and measurement of zeta potential.[@b18-ijn-9-041] In this study, we concentrated more on evaluating the surface chemical parameters of standardized ZnO nanoparticles coated with an organic moiety utilizing various spectroscopy methods. Further, in an extension of our previous report,[@b18-ijn-9-041] we studied the crystalline phase, particle size, chemical composition, and surface chemistry of coated ZnO in more detail. Further, size distribution and surface charge of coated ZnO were comprehensively studied by optimizing our characterization methods.

The XRD patterns ([Figure 1](#f1-ijn-9-041){ref-type="fig"} and [S1](#SD1-ijn-9-041){ref-type="supplementary-material"}) show that all four types of coated ZnO nanoparticles had a Wurtzite crystalline phase with good crystallinity. From the peak intensities, the 20 nm and 70 nm ZnO particles were determined to have different primary particle sizes, and the coating process was deemed not to affect the crystallinity of these nanoparticles. Analysis using Scherrer's equation demonstrated that the crystallite size was independent of the crystal plane, implying that the ZnO nanoparticles had homogeneous crystal growth along the x, y, and z axes. The calculated crystallite sizes were comparable with the primary particle size obtained by TEM, so we could conclude that each particle was composed of one ZnO crystal. Because the surface coating did not affect the particle size, it could be determined that the surface coating process did not involve chemical reactions, such as crystal dissolution or additional growth.

The primary particle sizes of the coated ZnO nanoparticles were more precisely measured using TEM and did not show significant changes upon coating with an amino acid or a citrate. Although the particle size obtained by TEM was slightly different from the crystallite size calculated by XRD (Scherrer's equation), it was within the error range of the measurement method used. It seemed that the average particle size increased upon coating with L-serine, but there was no statistically significant difference between citrate coating and L-serine coating (95% confidence interval). The analyzed particle size distribution was determined to be close to the normal distribution; thus, the surface coating was shown to be highly homogeneous, and no serious aggregation occurred upon coating.

The XPS spectra provided more information on the surface chemistry of the nanoparticles (signal depth ∼10 nm), including their chemical composition, chemical properties, and surface chemistry.[@b19-ijn-9-041],[@b20-ijn-9-041] Quantitative analyses at the surface of the nanoparticle samples suggested that they consisted mainly of ZnO, with some quantity of coating agent. In fact, XPS provided the ratio of the elements on the nanoparticle surface but no information concerning the molecular structure of the coating agent. Thus, the XPS and NMR results were combined to obtain the ratios of the chemicals present on the coated ZnO nanoparticles. The existence of citrate, L-serine, and HEPES was clearly confirmed by NMR, and as such, C, N, and part of O were assumed to have come from the coating agents and dispersants.

According to the results of quantitative analysis by XPS, the surfaces of both the 20 nm and 70 nm ZnO nanoparticles were sufficiently coated with either citrate or L-serine. The coating agents were not easily detached by washing because of their fairly stable interaction with the surfaces of the ZnO nanoparticles ([Table S2](#SD9-ijn-9-041){ref-type="supplementary-material"}). The binding energy of XPS sensitively reflects the chemical environment around a given element, such as oxidation state, coordination, and electron shielding effect. For example, if there was electron shielding from chemical bonds or electron-donating groups around certain elements, the binding energy values would decrease. Nanoparticles composed of metal oxides have fully coordinated metal cations in their core, whereas surface-exposed metals lack coordination. The less coordinated metal would have less of an electron shielding effect compared with the fully coordinated ones, resulting in enhancement of binding energy.[@b33-ijn-9-041] In this study, the binding energy of the Zn 2p~3/2~ electrons increased with decreasing particle size, and the Zn 2p~3/2~ binding energy was larger with the citrate coating than with the L-serine coating. It could be inferred that the 20 nm ZnO particles had larger surface areas than the 70 nm ZnO particles, and citrate is more effective in blocking surface defect sites compared with L-serine. This effectiveness can be explained by the number of sites available, ie, three carboxylates in citrate and one in L-serine.

FTIR spectroscopy, in combination with XPS and NMR, was used to evaluate the chemical properties and surface chemistry of the coated ZnO nanoparticles. When studying the surface chemistry of nanoparticles, it is important to understand the nature of the bonding between the surface ligand and the core nanoparticles. Because infrared absorption sensitively reflects chemical bonding and its force constant, infrared spectra were used to comprehend the state of the coating agents. As in the NMR spectra, the characteristic chemical bonds of citrate or L-serine were observed in the FTIR spectra, confirming that the coating process was well carried out, with no serious chemical reaction between the coating agents and ZnO. It is worth noting that the splitting width (∆ν~a--s~) of L-serine was different from that of citrate when the carboxylic acid peak split into asymmetric and symmetric stretching. The ∆ν~a--s~ value was reported to be the largest when the carboxylate was unidentated to cation, and gradually decreased in ionic or bidentate coordination.[@b34-ijn-9-041],[@b35-ijn-9-041] The ∆ν~a--s~ of L-serine (180 cm^−1^) was larger than that of citrate (150 cm^−1^) by 30 cm^−1^, reflecting the different bonding nature of the coating agents and ZnO. As in a previous report showing that amino acids such as glycine or lysine bind with metal oxide nanoparticles via carboxylate-metal coordination,[@b36-ijn-9-041] part of the carboxylate in L-serine was considered to have coordinated to Zn in a unidentate manner. Although citrate can also bind to Zn via carboxylate-Zn coordination, the highly negatively charged citrate prefers electrostatic attraction with ZnO nanoparticles.

The OECD guideline suggests evaluating the zeta potential and hydrodynamic size distribution for liquid (eg, suspension, colloid) samples. Determination of the precise parameters for physicochemical properties of nanomaterials for biological assay was the aim of this study. Thus, the properties of the coated ZnO particles in aqueous media were also investigated in detail. The zeta potentials of the citrate-coated and L-serine-coated ZnO particles were positive and negative, respectively, as expected. Because the ZnO nanoparticles have positive surface charges in a neutral water suspension, they were easily modified to have negatively charged sites by citrate coating. Capping nanoparticles with citrate to give them a strong surface charge and colloidal stability is a well-known technique, and is used in the synthesis of gold nanoparticles.[@b37-ijn-9-041] L-serine, a zwitterionic molecule, was not expected to significantly change the surface charge on ZnO, and indeed the zeta potential of ZnO did not significantly change upon coating with L-serine. Instead, L-serine modified the surface of ZnO with an organic moiety, making the L-serine-coated ZnO a comparative sample for citrate-coated, negatively charged ZnO. According to the FTIR results, the carboxylates of L-serine were partly attached onto ZnO electrostatically and partly through coordination bonding. Neither bonding route affected the surface charge on the ZnO nanoparticles. Interestingly, the citrate-coated ZnO^AE100(−)^ had a relatively wide zeta potential distribution ([Figure 7C](#f7-ijn-9-041){ref-type="fig"}) compared with the others, which might be due to the large amount of citrate used for coating. However, the zeta potential distribution still had a negative value, and the shape was close to a normal distribution. Thus, the four types of coated ZnO nanoparticles were evenly coated and control of surface charge via coating was successful.

The colloidal stability of suspended nanoparticles can be determined on the basis of either the zeta potential or the hydrodynamic size. The zeta potential value is a criterion that is used to evaluate interparticle repulsion via charge--charge interaction, and the hydrodynamic size can reflect aggregation or agglomeration of primary particles. According to our dynamic light scattering study, all four types of coated ZnO samples showed hydrodynamic sizes that were approximately ten-fold larger than the primary particle size. These phenomena have often been reported when powder-phased nanoparticles are dispersed in water.[@b18-ijn-9-041],[@b38-ijn-9-041],[@b39-ijn-9-041] However, formation of such agglomerations was not regarded as indicating that the samples had lost their nanosized properties because the agglomerations were reversibly redispersed by stirring. It had been confirmed that the grain boundary of ZnO nanoparticles is preserved after coating with organic moieties. Xia et al[@b38-ijn-9-041] and Dhawan and Sharma[@b39-ijn-9-041] have reported that ZnO nanoparticles larger than 200 nm can agglomerate in water. Other powdered nanoparticles, such as TiO~2~, SiO~2~, and carbon nanotubes, have been reported to form large agglomerates in aqueous medium even though their primary particles are less than 70 nm in size.[@b39-ijn-9-041] Therefore, the coated ZnO nanoparticles, in spite of their relatively large hydrodynamic size, can be regarded as having maintained their nanosized material properties.

Coating of the ZnO nanoparticles has been done to prepare standardized samples for toxicological evaluation,[@b40-ijn-9-041] and chemically well-defined ZnO nanoparticles with different coatings have been determined to have different biological behaviors, such as biological absorption and toxicity.[@b41-ijn-9-041],[@b42-ijn-9-041]

Conclusion
==========

Herein, standardized size-controlled and charge-controlled ZnO nanoparticles were developed for use in biological assays of nanomaterials. Further, the physicochemical parameters of these nanomaterials were evaluated according to the Organisation for Economic Cooperation and Development guideline, and an attempt was made to understand their precise chemical properties in detail. Using various spectroscopic and analytical techniques, four types of coated ZnO nanoparticles were characterized, focusing especially on their crystalline phase, chemical composition, single particle size, surface chemistry, and colloidal properties. The 20 nm and 70 nm ZnO nanoparticles preserved their original primary particle size and crystallinity after coating. The surface charge in water suspension was successfully controlled as highly negative or positive upon coating with charged organic molecules. The coated ligands were determined to have attached onto the ZnO surfaces through either electrostatic interactions or partial coordination bonding. Coating inorganic nanoparticles with organic molecules can be considered a simple route for controlling surface chemistry and charge while maintaining crystallinity and size. The four types of coated ZnO nanoparticles used in this study, ie, ZnO^SM20(−)^, ZnO^SM20(+)^, ZnO^AE100(−)^, and ZnO^AE100(+)^, had clearly distinguishable physicochemical properties with well-defined chemical characteristics, and can be utilized as standard samples for biological assay of nanoparticles.

Supplementary materials
=======================

[Figure S1](#SD1-ijn-9-041){ref-type="supplementary-material"} shows the powder X-ray diffraction patterns for ZnO^SM20^ and ZnO^AE100^. Both ZnO nanoparticle samples were determined to have a well crystallized wurtzite structure (JPCDS No 36--1451), which was preserved after coating with either citrate or L-serine. The X-ray diffraction peaks for ZnO^AE100^ were sharper and had higher intensity compared with ZnO^SM20^, indicating higher crystallinity in the larger-sized nanoparticles.

The transmission electron microscopy results for pristine ZnO nanoparticles, ie, ZnO^SM20^ and ZnO^AE100^, are shown in [Figure S2](#SD2-ijn-9-041){ref-type="supplementary-material"}. All ZnO^SM20^ and ZnO^AE100^ particles were determined to have an irregular spherical morphology with an average particle diameter of 26±6 nm and 68±17 nm, respectively, which increased slightly after coating with citrate or L-serine ([Figure S2](#SD2-ijn-9-041){ref-type="supplementary-material"}).

As shown in [Figure S3](#SD3-ijn-9-041){ref-type="supplementary-material"}, the binding energy for the O 1s and Zn 2p~3/2~ of both ZnO^SM20^ and ZnO^AE100^ was observed at around 530 eV and 1,021 eV, respectively, which was in good agreement with previous reports.[@b43-ijn-9-041],[@b44-ijn-9-041] The O:Zn atomic ratios for ZnO^SM20^ and ZnO^AE100^ were automatically calculated as 57.5:42.5 and 59.3:40.7, respectively, showing an almost 1:1 ratio between Zn and O.

[Figure S4](#SD4-ijn-9-041){ref-type="supplementary-material"} shows the zeta potential for ZnO^SM20^ and ZnO^AE100^ with average values of +28.8±0.9 mV and 26.3±0.9 mV, respectively. The zeta potential distribution showed a fairly narrow peak (0 to +50 and +10 to +40 mV for ZnO^SM20^ and ZnO^AE100^, respectively).

[Figure S5](#SD5-ijn-9-041){ref-type="supplementary-material"} shows the zeta potential values for the surface-coated ZnO nanoparticles 48 hours after their preparation. These values were fairly comparable with those of the as-prepared coated ZnO samples. Because the zeta potential of the coated ZnO did not change significantly, we could conclude that the colloidal stability of the coated ZnO nanoparticles was not seriously affected by time.

The average value and distribution pattern of zeta potential for the coated ZnO nanoparticles in various types of medium, such as phosphate-buffered saline and Minimum Essential Medium, are shown in [Figure S6](#SD6-ijn-9-041){ref-type="supplementary-material"}. Because the zeta potential apparatus measures the electrophoretic mobility of charged particles, it is strongly affected by the existence of ionic species in the medium, often resulting in errors in the electrodes. Therefore, for correct measurement of surface charge of nanoparticles interacting with electrolytes, we gently removed the excess amount of supernatant after precipitation of the nanoparticles and resuspended it in deionized water before measurement. As shown in [Figure S6](#SD6-ijn-9-041){ref-type="supplementary-material"}, the average zeta potentials for ZnO^SM20(−)^, ZnO^SM20(+)^, ZnO^AE100(−)^, and ZnO^AE100(+)^ at pH 7.0±0.3 were −24±0.4, +18±0.3, −27±1.1, and +20±0.4 mV, respectively, in phosphate-buffered saline, and were −25±0.8, +21±0.2, −23±1.0, and +22±0.6 mV, respectively, at pH 7.0±0.3 in Minimum Essential Medium. The zeta potential values for ZnO nanoparticles in phosphate-buffered saline and Minimum Essential Medium ([Figure S6](#SD6-ijn-9-041){ref-type="supplementary-material"}) shifted towards zero compared with those for ZnO nanoparticles in deionized water, suggesting adsorption of the electrolyte having counter-ions on ZnO nanoparticles.

The average hydrodynamic size of the uncoated ZnO nanoparticles was 396±12 nm and 907±16 nm at pH 7.0±0.3 ([Figure S7](#SD7-ijn-9-041){ref-type="supplementary-material"}). The overall hydrodynamic sizes of the ZnO^SM20^ and ZnO^AE100^ ranged widely, but their polydispersity indices (0.348 and 0.298, respectively) indicated their relative homogeneity in suspension. Their hydrodynamic sizes were larger than the primary particle sizes obtained by transmission electron microscopy and the crystallite sizes calculated by X-ray diffraction, implying formation of agglomerates.

We checked the solubility of ZnO nanoparticles in an aqueous system, because there has been a report indicating that ZnO is not an appropriate sample for evaluation of nanotoxicity as a result of its high solubility.[@b45-ijn-9-041] Referring to the paper by Larner and Rehkämper, we utilized the inductively coupled plasma-mass spectrometry technique (SCIEX™; Perkin-Elmer, Downers Grove, IL, USA) to evaluate the solubility of Zn^2+^ ions from ZnO nanomaterials.[@b45-ijn-9-041] One gram each of pristine and coated ZnO nanoparticles was dispersed in 100 mL of aqueous solution at pH 7.4. After vigorous stirring for 48 hours, an aliquot was collected, and the supernatant was diluted ten times and subjected to inductively coupled plasma mass spectroscopy in order to evaluate the Zn^2+^ ions dissolved from the ZnO nanoparticles. The dissolved ZnO compared with the total amount of ZnO in the nanoparticles was calculated in wt% unit. We found that less than 0.22% of Zn^2+^ was dissolved in neutral pH, suggesting that the solubility was not a serious concern in our coated ZnO samples for the preparation of standardized nanoparticle samples ([Table S1](#SD8-ijn-9-041){ref-type="supplementary-material"}).

In order to verify that citrate and L-serine stably coated the ZnO nanoparticles, we carried out an elemental analysis (2400 series II CHNS/O System, Perkin-Elmer) on the coated samples before and after washing ([Table S2](#SD9-ijn-9-041){ref-type="supplementary-material"}). Because the coating agents were attached on the surface of the ZnO nanoparticles by a combination of coordination bonding, electrostatic interaction, and hydrophobic interaction (between coating agents), some of the coating agent could be detached from the surface on washing. Nevertheless, about half of the coating agent (30%--60% in terms of carbon quantity and 35%--40% in terms of nitrogen quantity) was seen to remain after washing. This result indicates that the coating agents were fairly well coated on the surface of the nanoparticles as a result of stable interaction between the ZnO surface and the coating agents. Although some of the coating agent could be released in the medium, it would not strongly affect the biological assay because agents such as citrate, L-serine, and HEPES are generally recognized to be safe.

###### 

Powder X-ray diffraction patterns for pristine ZnO nanoparticles, ie, (**a**) ZnO^SM20^ and (**b**) ZnO^AE100^.

###### 

Transmission electron microscopic images of pristine ZnO nanoparticles. (**A**) ZnO^SM20^ and (**B**) ZnO^AE100^.

**Note:** 100 nm scale bar.

###### 

X-ray photoelectron spectra for pristine ZnO nanoparticles. (**A**) ZnO^SM20^ and (**B**) ZnO^AE100^.

###### 

Zeta potential distributions for (**A**) ZnO^SM20^ and (**B**) ZnO^AE100^ at pH 7.0±0.3 (mean ± standard deviation of n=10).

###### 

Zeta potential distributions for (**A**) ZnO^SM20(−)^, (**B**) ZnO^SM20(+)^, (**C**) ZnO^AE100(−)^, and (**D**) ZnO^AE100(+)^ at pH 7.0±0.3 48 hours after coating (mean ± standard deviation of n=10).

###### 

Zeta potential distributions for (**a**) ZnO^SM20(−)^, (**b**) ZnO^SM20(+)^, (**c**) ZnO^AE100(−)^, and (**d**) ZnO^AE100(+)^ at pH 7.0±0.3 in (**A**) phosphate-buffered saline and (**B**) Minimum Essential Medium (mean ± standard deviation of n=10).

###### 

Hydrodynamic size of (**A**) ZnO^SM20^ and (**B**) ZnO^AE100^ at pH 7.0±0.3 (mean ± standard deviation based on the polydispersity index).

###### 

Solubility of ZnO^SM20^, ZnO^SM20(−)^, ZnO^SM20(+)^, ZnO^AE100^, ZnO^AE100(−)^, and ZnO^AE100(+)^

  Methods                  ZnO^SM20^   ZnO^SM20(−)^   ZnO^SM20(+)^   ZnO^AE100^   ZnO^AE100(−)^   ZnO^AE100(+)^
  ------------------------ ----------- -------------- -------------- ------------ --------------- ---------------
  ICP-MS result (ppm)      0.030       0.173          1.757          0.022        0.216           0.221
  Dissolved amount (wt%)   0.004       0.022          0.219          0.003        0.027           0.028

**Abbreviation:** ICP-MS, inductively coupled plasma-mass spectrometry.

###### 

Elemental analysis for ZnO^SM20(−)^ ZnO^SM20(+)^, ZnO^AE100(−)^, and ZnO^AE100(+)^ before and after washing in deionized water

  Results (%)                   Carbon   Nitrogen
  ----------------------------- -------- ----------
  ZnO^SM20(−)^                  0.61     1.68
  ZnO^SM20(−)^ after washing    0.34     0.71
  ZnO^SM20(+)^                  0.86     0.62
  ZnO^SM20(+)^ after washing    0.30     0.24
  ZnO^AE100(−)^                 0.70     0.15
  ZnO^AE100(−)^ after washing   0.20     0.06
  ZnO^AE100(+)^                 0.87     0.34
  ZnO^AE100(+)^ after washing   0.27     0.12
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![Powder X-ray diffraction patterns for (**a**) ZnO^SM20(−)^, (**b**) ZnO^SM20(+)^, (**c**) ZnO^AE100(−)^, and (**d**) ZnO^AE100(+)^.](ijn-9-041Fig1){#f1-ijn-9-041}

![(**A**) Transmission electron microscopy images and (**B**) histogram and normal distribution from these images for (**a**) ZnO^SM20(−)^, (**b**) ZnO^SM20(+)^, (**c**) ZnO^AE100(−)^, and (**d**) ZnO^AE100(+)^.\
**Notes:** (**A**) 100 nm scale bar; (**B**) mean ± standard deviation of approximately 200 samples. The x-axis of (**a**) and (**c**) have the same scale as (**b**) and (**d**) respectively.](ijn-9-041Fig2){#f2-ijn-9-041}

![X-ray photoelectron spectra for (**A**) ZnO^SM20(−)^, (**B**) ZnO^SM20(+)^, (**C**) ZnO^AE100(−)^, and (**D**) ZnO^AE100(+)^.](ijn-9-041Fig3){#f3-ijn-9-041}

![^13^C nuclear magnetic resonance results for (**a**) ZnO^SM20(−)^, (**b**) ZnO^SM20(+)^, (**c**) ZnO^AE100(−)^, and (**d**) ZnO^AE100(+)^.\
**Notes:** As shown in [Figure 5](#f5-ijn-9-041){ref-type="fig"}, (COO^−^) represents carboxyl carbon of L-serine and citrate; C~α~ and C~β~ represent peaks of L-serine; C~q~ represents quaternary carbon of citrate; and 1--5 represent peaks of HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid).](ijn-9-041Fig4){#f4-ijn-9-041}

![Schematic structure of ZnO with wurtzite phase, sodium citrate, L-serine, and HEPES.\
**Abbreviation:** HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid.](ijn-9-041Fig5){#f5-ijn-9-041}

![Fourier transform infrared spectra in the ranges of (**A**) 4,000--450, (**B**) 1,710--1,490, (**C**) 1,490--1,320, and (**D**) 1,250--950 cm^−1^ for (**a**) ZnO^SM20(−)^, (**b**) ZnO^SM20(+)^, (**c**) ZnO^AE100(−)^, and (**d**) ZnO^AE100(+)^.\
**Notes:** The dotted and solid lines of the pristine and multipeaks fit the spectra shown in (**B**), (**C**), and (**D**).\
**Abbreviations:** ν, bond stretching; δ, bending; ω, wagging; γ, rocking (out of plane); asym, asymmetric; sym, symmetric.](ijn-9-041Fig6){#f6-ijn-9-041}

![Zeta potential distributions for (**A**) ZnO^SM20(−)^, (**B**) ZnO^SM20(+)^, (**C**) ZnO^AE100(−)^, and (**D**) ZnO^AE100(+)^ at pH 7.0±0.3 (mean ± standard deviation of n=10).](ijn-9-041Fig7){#f7-ijn-9-041}

![Hydrodynamic size of (**A**) ZnO^SM20(−)^, (**B**) ZnO^SM20(+)^, (**C**) ZnO^AE100(−)^, and (**D**) ZnO^AE100(+)^ at pH 7.0±0.3 (mean ± standard deviation of n=3).](ijn-9-041Fig8){#f8-ijn-9-041}

###### 

Weight and molar ratio of ZnO and coating agents

  Samples         Coating agent   HEPES                  
  --------------- --------------- --------------- ------ ---------------
  ZnO^SM20(−)^    0.05            1.38 × 10^−2^   0.02   8.13 × 10^−3^
  ZnO^SM20(+)^    0.05            3.87 × 10^−2^          
  ZnO^AE100(−)^   0.05            1.38 × 10^−2^          
  ZnO^AE100(+)^   0.05            3.87 × 10^−2^          

**Note:** Weight (g) and molar numbers (mol) correspond to 1.00 g or 1.00 mol of ZnO.

**Abbreviation:** HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid.

###### 

Characteristic Fourier transform infrared bands for ZnO^SM20(−)^, ZnO^SM20(+)^, ZnO^AE100(−)^, and ZnO^AE100(+)^

  Assignments         ZnO^SM20(−)^   ZnO^SM20(+)^   ZnO^AE100(−)^   ZnO^AE100(+)^   References
  ------------------- -------------- -------------- --------------- --------------- -----------------------------------
  ν(OH)               3,700--3,000   3,700--3,000   3,700--3,000    3,700--3,000    [@b22-ijn-9-041],[@b30-ijn-9-041]
  δ~asym~(NH~3~^+^)                  1,656 (s)                      1,656 (s)       [@b31-ijn-9-041]
  δ(OH)               1,640 (vs)     1,636 (sh)     1,640 (vs)      1,636 (sh)      [@b30-ijn-9-041]
  ν~asym~(COO^−^)     1,564 (s)      1,601 (vs)     1,556 (s)       1,601 (vs)      [@b31-ijn-9-041],[@b32-ijn-9-041]
  δ(CH~2~)            1,460 (s)      1,456 (s)      1,456 (w)       1,456 (s)       [@b31-ijn-9-041],[@b32-ijn-9-041]
  ν~sym~(COO^−^)      1,408 (vs)     1,420 (s)      1,410 (vs)      1,421 (s)       [@b30-ijn-9-041],[@b32-ijn-9-041]
  ω(CH~2~)                           1,394 (vs)                     1,396 (vs)      [@b31-ijn-9-041]
  δ(COH)                             1,208 (w)                      1,206 (w)       [@b31-ijn-9-041]
  γ(NH~3~^+^)                        1,120 (s)                      1,120 (s)       [@b31-ijn-9-041]
  ν(CO)                              1,096 (vs)                     1,096 (vs)      [@b31-ijn-9-041]
  ν(ZnO)              ∼490 (vs)      ∼490 (vs)      ∼490 (vs)       ∼490 (vs)       [@b22-ijn-9-041],[@b30-ijn-9-041]

**Abbreviations:** vs, very strong; s, strong; w, weak; sh, shoulder; ν, bond stretching; δ, bending; ω, wagging; γ, rocking (out of plane); asym, asymmetric; sym, symmetric.
